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Abstract
We consider photon radiation in t¯t events at the upgraded Fermilab Tevatron
and the CERN Large Hadron Collider (LHC) as a tool to measure the electric
charge of the top quark. We analyze the contributions of t¯tγ production and
radiative top quark decays to p p
(−) ! γ‘b¯bjj, assuming that both b-quarks
are tagged. With 20 fb−1 at the Tevatron, the possibility that the “top quark”
discovered in Run I is actually an exotic charge −4=3 quark can be ruled out
at the  95% confidence level. At the LHC, it will be possible to determine






It is widely believed that the new particle discovered at Fermilab in 1995 [1,2] is the
long sought top quark. Its behavior is certainly consistent with Standard Model (SM)
expectations for top, but many of its properties are still only poorly known. In particular,
the top quark’s electric charge | one of the most fundamental quantities characterizing a
particle | has not been measured yet. It still remains not only to conrm that the discovered
quark has charge 2=3 (and hence the expected SM quantum numbers), but also to measure
the strength of its electromagnetic (EM) coupling to rule out anomalous contributions to its
EM interactions.
Indeed, one alternative interpretation has not yet been ruled out: that the new particle is
a charge−4=3 quark. In the published top quark analyses of the CDF and D Collaborations
(see Ref. [3] for a review), the correlations of the b-quarks and the W bosons in pp ! tt !
W+W−bb are not determined. As a result, there is a twofold ambiguity in the pairing of W
bosons and b-quarks, and, consequently, in the electric charge assignment of the \top quark".
Besides the Standard Model (SM) assignment, t ! W+b, 00t00 ! W−b is also conceivable, in
which case the \top quark" would actually be an exotic quark with charge q = −4=3.
Interpreting the particle found at Fermilab as a charge −4=3 quark is consistent with
current precision electroweak data. Current Z ! ‘+‘− and Z ! bb data can be t with a
top quark of mass mt  270 GeV, provided that the right-handed b-quark mixes with the
isospin +1=2 component of an exotic doublet of charge −1=3 and −4=3 quarks, (Q1; Q4)R [4].
If the top quark would have a mass of mt  270 GeV, it would have escaped detection in
Run I of the Tevatron. In this scenario, the particle discovered in Run I is the Q4. A direct
measurement of the top quark charge would provide a denitive test of this interpretation.
There are several techniques to determine the electric charge of the top quark, qtop, in
future collider experiments. At a linear e+e− collider, the full set of form factors describing
the most general γtt vertex function compatible with Lorentz invariance can be probed
in e+e− ! tt [5] (similarly for a muon collider). A photon-photon collider would provide
even more precision via the two electromagnetic vertices in γγ ! tt. The status of future
lepton and photon colliders is unfortunately still somewhat uncertain, but in the meantime
top quarks will be produced copiously at the Fermilab Tevatron and the CERN LHC. At
these hadron colliders, tt production is so dominated by the QCD processes qq ! g ! tt
and gg ! tt that a measurement of the γtt form factors via qq ! γ ! tt is hopeless.
Instead, one can measure the top charge by measuring the charges of its decay products,
the nal state b-jets and W bosons. One can further attempt to determine not only the top
quark’s charge but also the EM coupling strength by directly studying top’s electromagnetic
interactions through photon radiation in tt events.
The rst method | measuring the top charge by reconstructing the charges of its decay
products | is dicult to realize for tt ! all jet decays; however for di-lepton decays,
tt ! ‘+‘−bb, and for semileptonic decays, tt ! ‘jjbb, it should be feasible. The
b-jet charge can be determined from a measurement of the charges associated with the
tracks in the jet. A preliminary measurement of the b-jet charge using Run I CDF data [6]
shows a slight preference for the SM top charge assignment. The direct measurement of
the b-jet charge has the disadvantage that many tagged b-quarks are needed to obtain a
statistically signicant result. In a given event, missing or out-of-cone tracks can distort the
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measurement. Information on the b-jet charge can also be obtained from the charge-sign
of the lepton, ‘b = e; , in events where the b-quark is identied via a soft lepton tag, i.e.
where the b-quark decays semileptonically, b ! c‘b. In the absence of Bd−Bd and Bs−Bs
mixing, the charge-sign of the lepton is directly correlated with the charge-sign of the parent
b-quark. The diculties associated with using soft lepton tagged b-quarks are low eciency
due to the small b ! c‘ branching ratio and the presence of wrong sign leptons originating
from Bd − Bd and Bs − Bs mixing, which one has to correct for. In addition, if only the
charge of the b decay lepton is measured, only the sign but not the magnitude of the charge
of the b-quark is determined.
In this paper, we explore the possibility of measuring the electric charge of the top quark
at hadron colliders through photon radiation in tt events, assuming that the EM coupling
strength takes its SM value1. Because top quarks can radiate photons in both top quark
production and top decay, we consider both processes:
p p
(−) ! ttγ and p p(−) ! tt; t ! Wbγ: (1)
We concentrate on the lepton+jets mode2,
p p
(−) ! γ‘bbjj; (2)
‘ = e; , and assume that both b-quarks are tagged. We present results for the SM top
quark and for comparison we also consider a charge −4=3 quark of the type discussed in [4].
Photon radiation in top quark events was not observed by the Tevatron experiments in
Run I. In Run II, an integrated luminosity of 2−20 fb−1 is envisioned, and a sucient number
of γ‘bbjj events may be available to measure the top quark charge. At the LHC, where
the cross section for tt production is more than a factor 100 larger than at the Tevatron,
one can hope for a determination of qtop with a precision of about 10%.
Details of our calculation are given in Sec. II. In Sec. III we present results of our numeri-
cal studies. In addition to total cross sections, distributions for the transverse momentum of
the photon and the separation between the photon and the b-quarks in the pseudorapidity {
azimuthal angle plane are found to be sensitive to qtop. In Sec. IV we perform a quantitative
analysis of how well the charge of the top quark can be measured at the Tevatron and the
LHC. Finally, in Sec. V, we present our conclusions.
II. DETAILS OF THE CALCULATION
Our calculation is carried out at the tree level. We assume that both b-quarks are tagged
with a combined eciency of 40%, which is included in all our numerical results. Top quark
1This is required by electromagnetic gauge invariance for on-shell photons radiated in t¯t events.
2Although di-lepton events, p p
(−) ! γ‘+‘−¯b¯b, are cleaner than lepton+jets events, their branch-
ing fraction is about a factor 6 smaller than that of the lepton+jets mode. The all-jets mode
has a larger branching ration than lepton+jets, but is plagued by a large QCD background and,
therefore, is also not considered here.
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and W boson decays are treated in the narrow width approximation. In this approximation,
there are three contributions to p p
(−) ! γ‘bbjj:
 Radiation in top production: p p(−) ! ttγ ! γ‘bbjj.
 Radiative top decay: p p(−) ! tt ! γW+bW−b ! γ‘bbjj. Here either the t or t quark
decays radiatively. We denote these decays generically by t ! Wbγ.
 Radiative W decay: p p(−) ! tt ! W+bW−b ! γ‘bbjj. In this case, one of the W
bosons decays radiatively, W ! ‘γ or W ! jjγ.
Both ttγ production and radiative top decays are sensitive to qtop. On the other hand,
radiative W decays are not, and should be suppressed by cuts. This can be achieved by
requiring that
m(jjγ) > 90 GeV and mT (‘γ; p/T ) > 90 GeV; (3)
where p/T denotes the missing transverse momentum originating from the neutrino in the
event which is not observed, and m(jjγ) is the invariant mass of the jjγ system. mT (‘γ; p/T )
is the ‘γp/T cluster transverse mass, which is given by
m2T (‘γ; p/T ) =
(√
p2T (‘γ) + m
2(‘γ) + p/T
)2
− (pT(‘γ) + p/T)2 ; (4)
where pT (‘γ) and m(‘γ) are the transverse momentum and the invariant mass of the ‘γ
system, respectively. For W ! ‘γ, the cluster transverse mass sharply peaks at the W
boson mass, MW . In the narrow width approximation, the cuts listed in Eq. (3) completely
eliminate the contributions from radiative W decays to the γ‘bbjj nal state. We thus
ignore radiative W decays in the following.
The matrix elements for
gg; qq ! ttγ ! γ‘bbjj (5)
are calculated using MADGRAPH [7] and the HELAS library [8], including the spin correlations
for the subsequent top decays. To compute the matrix elements for
gg; qq ! tt; t ! W+bγ; t ! W−b (6)
and its charge conjugate sibling, we use the crossed form of the W ! tbγ matrix elements
of Ref. [9]. We ignore spin correlations in the decay of the W boson in t ! W+bγ. For the
t ! W−b decay, spin correlations are taken into account. All numerical results presented
below are obtained summing over electron and muon nal states.
The top quark charge, qtop, is treated as a free parameter in our calculation. The electric
charge of the b-quark, qb, is related to qtop by
qb = qtop − qW ; (7)
where qW = 1 is the charge of the W boson. The sign of qW depends on whether the
third component of the weak isospin of the \top quark" is T3 = +1=2, as in the SM, or
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T3 = −1=2 as in the scenario of Ref. [4]. We assume the Wtb coupling to be of V −A form
and BR(t ! Wb) = 1. The fermions originating from W decays are assumed to be massless.
We note for future reference that the dierential cross sections for gg ! ttγ and for
qq; gg ! tt with one top quark decaying via t ! Wbγ are invariant under the transformation
qtop ! −qtop; qW ! −qW ; qb ! −qb: (8)
Since interference eects between the incoming light quarks and the nal state top quarks in
qq ! ttγ are very small (they contribute less than 1% to the cross section), the cross section
for p p
(−) ! γ‘bbjj is to a very good approximation invariant under the transformation (8).
This will be relevant when we estimate how well qtop can be measured in future Tevatron
and LHC experiments (see Sec. IV).
For all our numerical simulations we have chosen the set of SM input parameters to
be: mt = 175 GeV [10,11], mb = 5 GeV, MW = 80:3 GeV, sin
2 W = 0:23 and (MW ) =
1=128 [12]. We employ MRSR2 parton distribution functions [13], selecting the value of the
factorization scale to be f =
p
s^, where s^ is the squared parton center of mass energy.
Calculations are carried out for pp collisions at
p
s = 2 TeV (Tevatron) and pp collisions atp
s = 14 TeV (LHC).
To simulate detector response, we impose the following common transverse momentum,
rapidity and separation cuts at the Tevatron and LHC:
pT (b) > 15 GeV; j(b)j < 2; (9)
pT (‘) > 20 GeV; j(‘)j < 2:5; (10)
pT (j1,2) > 20 GeV; j(j1,2)j < 2:5; (11)
p/T > 20 GeV; R(i; j) > 0:4 for i 6= j; (12)
where i; j = γ; ‘; b; b; j1; j2. j1 and j2 denote the two jets originating from the hadronically
decaying W in the event. As mentioned above, we assume that both b quarks are tagged
(40% combined eciency) so that b and b are distinguishable from j1 and j2. In addition,
we require that
pT (γ) > 10 GeV; j(γ)j < 2:5 at the Tevatron and (13)
pT (γ) > 30 GeV; j(γ)j < 2:5 at the LHC: (14)
Here,  is the pseudo-rapidity, and
R(i; j) =
[
((i; j))2 + ((i; j))2
]1/2
(15)
is the separation between two particles i and j in the pseudorapidity { azimuthal angle
plane.
The transverse momentum cuts listed in Eqs. (10) { (12) and in Eq. (14) for the LHC
are sucient for running at low luminosity, L = 1033 cm−2 s−1. For operation at the design
luminosity of L = 1034 cm−2 s−1, the pT cuts must be increased due to pile-up eects caused
by the large number of interactions per beam crossing. In the following we only consider
γ‘bbjj production at the LHC in the low luminosity environment.
We do not consider any potential background processes here. The dominant background
is expected to originate from Wγ+ jets production and should be manageable in much the
same way as the W+ jets background for tt production.
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III. PHENOMENOLOGICAL RESULTS
In this section we present our results for total cross sections and various photon dis-
tributions. We look at contributions from individual subprocesses (radiative production,
radiative decays) and compare results for the SM top quark to those for an exotic charge
−4=3 top (as in Ref. [4]) in order to determine which quantities are sensitive to the value of
qtop.
The events passing the cuts listed in Eqs. (3) and (10) { (14) can be split into three
separate samples, each designed to enhance one of the three subprocesses: (i) radiation in
top production (\ttγ selection cuts"), (ii) radiative top decay with leptonically decaying W
(\t ! Wbγ ! ‘bγ selection cuts"), and (iii) radiative top decay with hadronically decaying
W (\t ! Wbγ ! jjbγ selection cuts").
The event sample for radiation in top production (ttγ selection cuts) is obtained by
suppressing radiative top decay events. We do this by selecting events which satisfy
m(b1,2jjγ) > 190 GeV and mT (b2,1‘
γ; p/T ) > 190 GeV: (16)
Here, b1; b2 = b; b and b1 6= b2. We note that by imposing the cuts on either b-quark
combination, we conservatively assume that the charges of the individual b quarks have not
been determined.
The total cross sections for qtop = 2=3 and qtop = −4=3, imposing the ttγ selection cuts
of Eq. (16) and the cuts described in Sec. II, are listed in Table Ia for the Tevatron and the
LHC. At the Tevatron, the ttγ cross section is completely dominated by qq annihilation. As
a result, photon radiation o the initial state quarks constitutes an irreducible background
which limits the sensitivity of the cross section to qtop. In contrast, at the LHC more than
75% of the ttγ cross section originates from gluon fusion. Since gluons do not radiate photons,
the LHC cross section scales approximately with q2top. Radiative top decays contribute about
10 { 20% (1%) to the cross section for qtop = 2=3 (qtop = −4=3) in this phase space region.
At both the Tevatron and LHC, increasing jqtopj increases the total cross section with ttγ
selection cuts.
The photon transverse momentum distributions for the individual contributions to the
γ‘bbjj dierential cross section at the Tevatron (LHC) for ttγ selection cuts are shown in
Fig. 1 (Fig. 2) for both qtop = 2=3 and qtop = −4=3, keeping the same vertical scale for both
charges. The cross section from tt production followed by t ! Wbγ ! ‘bγ is about 20%
larger that from pp ! tt followed by t ! Wbγ ! jjbγ over most of the pT range considered.
At the LHC, the pT (γ) distribution for the radiative top decay channels drops much faster
than that for p p
(−) ! ttγ.
A sample for radiative top decay with leptonically decaying W (t ! Wbγ ! ‘bγ
selection cuts) is obtained by requiring that
mT (b1,2‘
γ; p/T ) < 190 GeV and m(b2,1jjγ) > 190 GeV (17)
in addition to (16) being not satised. These cuts enhance the contribution of the process
p p
(−) ! tt, with t ! Wbγ ! ‘bγ. Similarly, to get events with radiative top decay and
hadronically decaying W (t ! Wbγ ! jjbγ selection cuts) we impose
mT (b1,2‘
γ; p/T ) > 190 GeV and 160 GeV < m(b2,1jjγ) < 190 GeV (18)
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and require that (16) is not fullled. We thereby obtain an event sample in which the
process p p
(−) ! tt, with t ! Wbγ ! jjbγ is enhanced. The cuts are imposed on either of the
b-quark combinations, i.e. we assume that it has not been determined whether the b or the
b originates from the radiative top quark decay. Since the nite experimental resolution of
detectors signicantly broadens the Breit-Wigner resonance for t ! Wbγ ! jjbγ, we have
chosen a relatively large window for m(b2,1jjγ) around mt. Requiring that events do not
satisfy (16) signicantly improves the eciency of the t ! Wbγ selection cuts.
The cross sections for p p
(−) ! γ‘bbjj imposing t ! Wbγ ! ‘bγ (Eq. (17)) and
t ! Wbγ ! jjbγ selection cuts (Eq. (18)) are shown in Table Ib and Ic for qtop = 2=3
and qtop = −4=3. The total cross sections are smaller than the corresponding numbers
for ttγ selection cuts. Moreover, the cross section for tt production followed by radiative t
decay decreases by a factor 3 to 4 when the top quark charge is varied from qtop = 2=3 to
qtop = −4=3. This is due to interference eects between the diagrams where the photon is
radiated from the t-quark line and the diagrams where the photon is either emitted from
the nal state W or the b-quark. For the photon pT cut used, a signicant fraction of
the events in the SM at the Tevatron in the regions dened by the t ! Wbγ ! ‘bγ
and t ! Wbγ ! jjbγ selection cuts originates from ttγ production. For qtop = −4=3,
ttγ production is in fact the dominant source in these regions. Nonetheless, the net result
is a decrease in the total cross section when we switch from qtop = 2=3 to qtop = −4=3.
Recall that, in contrast, the cross section increased with the change in top charge for ttγ
selection cuts. This suggests that the ratio of the cross section associated with radiation in
top production to the radiative decay cross section would be very sensitive to the top quark
charge. This issue is explored in the next section.
Combining the cross sections for all three phase space regions, we expect about 60
γ‘bbjj events at the Tevatron for 20 fb−1. The number of events expected at the LHC is
about an order of magnitude larger: 550 γ‘bbjj events for 10 fb−1.
Returning to the radiative decay sample, we show in Fig. 3 the individual contributions
to the γ‘bbjj dierential cross section for t ! Wbγ ! ‘bγ selection cuts at the Tevatron
for qtop = 2=3 and qtop = −4=3 as a function of the photon pT . The individual contributions
at the LHC are shown in Fig. 4. We see that the contribution from ttγ production in the SM
at the Tevatron exceeds that from pp ! tt with t ! Wbγ ! ‘bγ only for pT (γ) < 25 GeV
(Fig. 3a). Increasing the photon pT cut thus improves the eciency of the t ! Wbγ !
‘bγ selection cuts, at the cost of a reduced event rate. Because the cross sections for the
radiative top decay processes decrease whereas the ttγ rate increases when qtop = −4=3, ttγ
production is the largest contribution to the dierential cross section over the entire pT (γ)
range considered at both the Tevatron and the LHC (Figs. 3b and 4b. The dierential cross
section of the t ! Wbγ ! jjbγ \background" drops much faster with pT (γ) than those
of the two other contributions for large photon transverse momenta. When t ! Wbγ !
jjbγ selection cuts are imposed, qualitatively similar results are obtained, with the roles
of the t ! Wbγ ! ‘bγ and t ! Wbγ ! jjbγ curves exchanged and somewhat reduced
contributions from ttγ production.
The preceding results are summarized in Figs. 5 and 6. Fig. 5a shows the total SM
(qtop = +2=3) cross section for pp ! γ‘bbjj at the Tevatron, with all contributions from
radiation in top production and radiative decays combined. The three curves correspond to
the three sets of selection cuts. Fig. 6a shows the corresponding results for the LHC (with
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pp initial state). We see in these gures, as we have already seen in Table I, that the ttγ
selection cuts (solid curves) result in higher cross sections at both colliders than the cuts
for radiative decays t ! Wbγ. In Figs. 5a and 6a we also see that the photon distribution
imposing t ! Wbγ ! ‘bγ and t ! Wbγ ! jjbγ selection cuts drops much faster than
the pT (γ) distribution in the phase space region dened by the ttγ selection cuts. This is
a consequence of the phase space restriction on the photon energy in radiative top quark
decays.
In Figs. 5b and 6b we compare cross sections for qtop = +2=3 (solid curves) and qtop =
−4=3 (dashed curves) for the Tevatron and LHC, respectively. In each gure the upper
pair of curves corresponds to ttγ selection cuts and the lower pair includes events from
both radiative decay regions combined. The gures show that at both machines, the eect
of increasing jqtopj is to increase the cross section in the ttγ cuts region and to decrease
it in the radiative decay regions, for all values of photon pT . At the Tevatron, however,
since the contributions from radiative top quark decays are small if ttγ selection cuts are
imposed, changing the top quark charge has little influence on the shape of the photon pT
distribution in this region (upper curves in Fig. 5b). On the other hand, at small values of
pT (γ), ttγ production may contribute signicantly to the cross section in the regions dened
by the t ! Wbγ ! ‘bγ and t ! Wbγ ! jjbγ selection cuts (see Table I). The shape
of the photon transverse momentum distribution in these regions thus may be sensitive to
qtop (lower curves in Fig. 5b). The curves at the LHC (Fig. 6b) also exhibit some shape
dependence, albeit less pronounced than at the Tevatron.
We can look for sensitivity to qtop in other distributions as well. In t ! Wbγ, emission
of the photon from the b-quark line leads to a collinear enhancement at small values of the
separation between the photon and the b-quark, R(γ; b)rad, which depends on qb = qtop−qW .
Therefore, in radiative top decays, the shape of the R(γ; b)rad distribution is expected to be
sensitive to the charge of the top quark. In contrast, the photon and the b-quark originating
from the t ! Wb decay in tt ! γW+bW−b events are essentially uncorrelated. In ttγ
events, the photon and both b-quarks are largely uncorrelated. Unfortunately, on an event
by event basis, it is dicult to determine whether the b or the b quark originates from the
radiative top decay. However, due to the collinear enhancement for small values of R in
radiative top decays,
R(γ; b)min = min[R(γ; b); R(γ;b)] (19)
should coincide with the photon { b-quark separation in radiative top decays for small values
of R. Alternatively, the R(γ; bsf ) distribution, where bsf is the b or b-quark with the
smaller transverse momentum
pT (bsf ) = min[pT (b); pT (b)] (20)
may be considered. Since a b-quark which radiates a photon looses energy, the bsf in
tt ! γW+bW−b frequently originates from the radiative top decay. It turns out that the
R(γ; bsf ) distribution more closely resembles the true R(γ; b)rad distribution. Figure 7
shows a comparison of the R(γ; b)rad and R(γ; bsf) distributions at the Tevatron in the
SM case, imposing t ! Wbγ ! ‘bγ selection cuts. In each case, the individual distributions
of the three contributing subprocesses are shown. Qualitatively similar results are obtained
for the LHC case, and for t ! Wbγ ! jjbγ selection cuts. Due to the collinear enhancement
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at small opening angles between the b-quark and the photon, the R(γ; b)rad distribution
rises very quickly with decreasing values of R(γ; b)rad for the radiative top decay processes.
For ttγ production no collinear enhancement occurs for either the R(γ; b) or the R(γ;b)
distribution. In Fig. 7a, we have chosen the R(γ;b) distribution for ttγ production (dotted
line). Very similar results are obtained if the R(γ; b) distribution is chosen instead. Except
for the steepness of the distribution at small R(γ; bsf ) for t ! Wbγ ! ‘bγ, the shapes of
the R(γ; b)rad and R(γ; bsf ) distributions are found to agree reasonably well.
In Fig. 7 we have increased the minimum photon transverse momentum requirement
of Eq. (13) to pT (γ) > 15 GeV. As we have mentioned before, ttγ production contributes
signicantly to the cross section at the Tevatron in the region dened by the t ! Wbγ !
‘bγ selection cuts for the cuts specied in Sec. II. The ttγ contribution can be reduced by
increasing the pT cut on the photon (see Fig. 3), at the cost of a decreased number of events.
Increasing the photon transverse momentum cut to pT (γ) > 15 GeV reduces the ttγ cross
section for t ! Wbγ ! ‘bγ selection cuts by about a factor 2, whereas the contributions
involving radiative top decays decrease by only 30%.
We compare the R distributions for the two top quark charges in Figures 8 and 9. We
display the normalized distribution (1=) (d=dR(γ; bsf)) for tt ! γ‘jjbb with qtop = 2=3
and qtop = −4=3 at the Tevatron and LHC, respectively. Normalizing the distributions to
unit area emphasizes the dependence of the shape of the R(γ; bsf) distribution to the top
quark charge. For a charge −4=3 quark, the R(γ; bsf) distribution rises relatively faster in
the region R(γ; bsf )  1, but is flatter for 1 < R(γ; bsf ) < 3, than if qtop = 2=3. At small
values of R(γ; bsf ), emission from the b-quark line dominates. Since the magnitude of qb is
the same for qtop = 2=3 and qtop = −4=3, the dierential cross section is similar in both cases.
However, the total cross section for qtop = −4=3 within cuts is signicantly smaller than for
a SM top quark charge assignment (see Table I), due to destructive interference between the
contributing Feynman diagrams. This leads to a larger normalized dierential cross section
for qtop = −4=3 at small R(γ; bsf). In the region 1 < R(γ; bsf) < 3, the destructive
interference is responsible for the flatness of the (1=) (d=dR(γ; bsf)) distribution in the
qtop = −4=3 case. For R(γ; bsf) > 3, the b-quark with the smaller pT most of the time
coincides with the bottom quark from the (regular) t ! Wb decay and, thus, carries little
information on qtop. The shape of the R(γ; bsf) distribution in the phase space region
dened by the t ! Wbγ ! jjbγ selection cuts (Figs. 8b and 9b) is found to be somewhat
more sensitive to qtop than in the case when t ! Wbγ ! ‘bγ selection cuts are imposed
(Figs. 8a and 9a). At the Tevatron (Fig. 8), we have again imposed a pT (γ) > 15 GeV cut.
The shape of the R(γ; bsf) distribution for tt ! γW+bW−b at the LHC is in general more
sensitive to the top quark charge than at the Tevatron.
IV. QUANTITATIVE ESTIMATES
In this section we determine quantitative bounds on
qtop = qtop − 2
3
(21)
which one expects to achieve with 20 fb−1 of data at the Tevatron in Run II, and 10 fb−1 at
the LHC, analyzing the photon pT and the R(γ; bsf) distributions. We also briefly consider
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the ratio of the cross section associated with radiation in top production to the radiative
decay cross section which may be useful for small data sets.
In our analysis of dierential cross sections, we calculate 95% condence level (C.L.)
limits performing a 2 test. The statistical signicance is calculated by splitting the selected
distribution into a number of bins, each with typically more than ve events. In each bin
the Poisson statistics are approximated by a Gaussian distribution. We use the photon
transverse momentum distribution in the phase space region dened by the ttγ selection
cuts of (16), and the pT (γ) and R(γ; bsf) distributions of the combined radiative top decay
regions, dened by requiring that events satisfy (17) or (18) but not (16). We impose the
cuts described in Sec. II, except for the R(γ; bsf) distribution, where we replace the pT cut
on the photon of Eq. (13) with pT (γ) > 15 GeV. We combine channels with electrons and
muons (both charge combinations) in the nal state. We also make use of the approximate
symmetry of the cross sections under the transformation (8) and dene the b-quark charge
to be qb = qtop − 1. Condence levels calculated for qtop = +4=3 will thus automatically
apply for a charge −4=3 quark which decays into a b-quark and a W−.
Our calculation does not include QCD corrections which are expected to modify the cross
section by 20−40%. In order to derive realistic limits, we therefore allow for a normalization
uncertainty of N = 30% of the SM cross section. The expression for 2 which is then used




(Ni − fN0i )2
fN0i
+ (nD − 1) ; (22)
where nD is the number of bins, Ni is the number of events for a given qtop, and N
0
i is the
number of events in the SM in the ith bin. f reflects the uncertainty in the normalization




(1 + N )−1 for f < (1 + N )−1
f for (1 + N )−1 < f < 1 + N













In Table II we display the resulting 95% condence level limits for qtop expected from
the Tevatron Run II for an integrated luminosity of 20 fb−1, and from the LHC for 10 fb−1.
The last row shows the combined limits from the three individual distributions studied here.
Possible backgrounds are assumed to be subtracted. At both the Tevatron and the LHC, the
pT (γ) and R(γ; bsf ) distributions in the combined radiative top decay regions yield rather
similar limits for qtop. As mentioned before, ttγ production at the Tevatron is completely
dominated by qq annihilation and photon radiation from the initial state quarks limits the
sensitivity of the cross section to qtop. Therefore, the bounds which can be achieved at the
Tevatron from analyzing the photon pT distribution in the phase space region dened by
the ttγ selection cuts are signicantly weaker than those which can be obtained from either
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the pT (γ) or the R(γ; bsf) distribution in the combined radiative top decay regions.
3 At
the LHC, most of the ttγ cross section originates from gluon fusion, and the limits from the
photon pT distribution for ttγ selection cuts are similar to those which can be achieved in
the phase space regions where radiative top decays dominate.
While a precise measurement of the top quark charge will not be possible in Run II of
the Tevatron, even with an integrated luminosity of 20 fb−1, we note that a charge −4=3
top quark can be ruled out at  95% C.L. when the limits from the dierent distributions
and phase space regions are combined. At the LHC, with 10 fb−1, a measurement of the
top quark charge with an accuracy of about 10% appears to be feasible. As we pointed out
in Sec. II, the pT cuts we use are suitable for running at low luminosity at the LHC, i.e. for
L = 1033 cm−2 s−1. At high luminosity, L = 1034 cm−2 s−1, the transverse momentum cuts
must be increased due to pile-up eects caused by the large number of interactions per beam
crossing. The γ‘bbjj cross section is quite sensitive to these cuts. For example, increasing
the pT cut of the b-quarks to 30 GeV and the photon, jet and missing pT cuts to 50 GeV
reduces the ttγ and tt ! γW+bW−b cross sections by a factor  10 and  100, respectively.
It is thus not clear whether running at high luminosity will improve the measurement of the
top quark electric charge at the LHC.
The bounds on qtop are in general quite sensitive to N . If the normalization uncer-
tainty can be reduced to N = 10%, the limits listed in Table II can be improved by up
to a factor 2. Further improvements may result from using more powerful statistical tools
than the simple 2 test we performed.
For integrated luminosities smaller than 20 fb−1 at the Tevatron, the limited number
of events makes a detailed analysis of dierential cross sections dicult. In this case, the
ratio of the cross section associated with radiation in top production to the radiative decay
cross section, R, may be more useful. Many experimental and theoretical uncertainties,
for example, those associated with the particle detection eciencies, the uncertainty in
the integrated luminosity, or the uncertainties from the choice of scale or of the parton
distribution functions, are expected to cancel, at least partially, in R. The cross section
ratio is quite sensitive to qtop. From the individual cross sections listed in Table I one nds
R = 1:73 for qtop = 2=3, and R = 2:88 for qtop = −4=3 at the Tevatron. For an integrated
luminosity of 10 fb−1, the expected statistical uncertainty at the Tevatron is Rstat = 0:65
and a charge −4=3 top quark can thus be ruled out at  90% C.L. using the cross section
ratio, if one ignores possible systematic uncertainties. At the LHC, the value of R is even
more sensitive to qtop than at the Tevatron, but enough events are expected to allow a more
detailed analysis.
V. SUMMARY AND CONCLUSIONS
Like most of its fundamental quantum numbers, the electric charge of the top quark
has not been measured so far. Alternative interpretations for the particle we believe is the
3In practice, hadronization effects we have omitted will come into play, and are likely to affect
the ∆R distributions more than those for the photon pT .
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charge 2=3 isospin partner of the b-quark are thus not ruled out. For example, since the
correlations of the b-quarks and the W -bosons in pp ! tt ! W+W−bb are not determined,
it is conceivable that the \t-quark" observed at the Tevatron is an exotic quark, Q4, with
charge −4=3 which decays via Q4 ! W−b. This interpretation is consistent with current
precision electroweak data [4]. In order to determine the charge of the top quark, one can
either measure the charge of the b-jet, or investigate photon radiation in tt events. The
latter method actually measures a combination of the EM coupling strength and the charge
quantum number. Combining the results of the two methods will thus make it possible to
determine both quantities.
In this paper we have explored the possibility of measuring qtop in p p
(−) ! γ‘bbjj,
assuming that both b-quarks are tagged. Our analysis makes use of both ttγ production and
radiative top quark decays, and is carried out at the tree level. The EM coupling strength
is assumed to take its SM value. Top quark and W boson decays are treated in the narrow
width approximation. Contributions from radiative W decays can be suppressed by simple
phase space cuts (see Eq. (3)). The remaining event sample can be separated into a ttγ
sample, a tt, t ! Wbγ ! γ‘b sample, and a tt, t ! Wbγ ! γjjb sample by imposing
invariant mass and cluster transverse mass cuts (see Eqs. (16) { (18)).
In the phase space region dominated by ttγ production, the cross section increases if
the magnitude of qtop increases. At the Tevatron, qq annihilation dominates and photon
radiation o the incoming quarks constitutes an irreducible background which limits the
sensitivity to qtop. In contrast, at the LHC, gluon fusion dominates, and the ttγ cross
section scales approximately with q2top.
In the phase space regions which enhance tt production with one of the top quarks
decaying radiatively (t ! Wbγ), interference eects between the Feynman diagrams where
the photon is emitted from the top quark, the W boson and the b-quark line may cause
the cross section to either decrease or increase with qtop = qtop − 2=3. For example, for
qtop = −4=3, the γ‘bbjj cross section via radiative top quark decays is reduced by a factor
of 3 to 4.
The changes in the individual cross sections are reflected in the photon transverse mo-
mentum distribution in the various phase space regions. We also found that the R(γ; bsf)
distribution, where bsf is the b or b-quark with the smaller pT , is sensitive to the charge of
the top quark in the phase space regions dominated by tt production where one of the top
quarks decays radiatively.
In order to determine how well one can hope to measure the top quark charge using
photon radiation in top quark events in future Tevatron and LHC experiments, we have
performed 2 tests of the pT (γ) and the R(γ; bsf ) distributions in the various phase space
regions of interest. At the Tevatron, with an integrated luminosity of 20 fb−1, one will be
able to exclude at  95% C.L. the possibility that an exotic quark Q4 with charge −4=3
and not the SM top quark has been found in Run I. For smaller integrated luminosities, the
number of events expected is very small and it will be dicult to perform a quantitative
analysis using dierential cross sections. In this case, the ratio of the cross section associated
with radiation in top production to the radiative decay cross section may be a useful tool.
At the LHC with 10 fb−1 obtained at L = 1033 cm−2 s−1, it should be possible to measure
the electric charge of the top quark with an accuracy of about 10%. For comparison, at a
linear collider with
p
s = 500 GeV and
∫Ldt = 200 fb−1, one expects that qtop can also be
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measured with a precision of about 10% [15]. Finally, at a γγ collider it is conceivable that
the top quark charge can be determined with an accuracy of better than 1%, if the γγ ! tt
cross section can be measured with a precision of 2% [16].
The measurement of the electric charge of the top quark at the Tevatron using photon
radiation in top quark events is severely limited by statistics. Even with an integrated
luminosity of 20 fb−1, qtop can only be determined with a precision of 30− 100%. However,
as we pointed out in Sec. I, information on the electric charge of the top quark may also be
obtained from a measurement of the charge of the b-jets, and the charge sign of the leptons
in semileptonically tagged b-quarks. This may signicantly improve the precision which can
be obtained. Detailed simulations will be necessary in order to determine how well the top
quark charge can be measured using these methods.
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TABLES
TABLE I. Integrated cross sections for γ‘b¯bjj production at the Tevatron (pp¯ collisions atp
s = 2 TeV) and the LHC (pp collisions at
p
s = 14 TeV) for qtop = 2=3 and qtop = −4=3 imposing
a) t¯tγ selection cuts, b) t ! Wbγ ! ‘bγ selection cuts, and c) t ! Wbγ ! jjbγ selection cuts.
In addition, the cuts described in Sec. II are imposed. In each case, the contributions from t¯tγ
production, t¯t production with t ! Wbγ ! ‘bγ, and t¯t production with t ! Wbγ ! jjbγ are
shown.
a) t¯tγ selection cuts
t¯tγ t ! Wbγ ! ‘bγ t ! Wbγ ! jjbγ
contribution contribution contribution total
Tevatron, qtop = +23 1.70 fb 0.12 fb 0.10 fb 1.92 fb
Tevatron, qtop = −43 2.37 fb 0.03 fb 0.02 fb 2.42 fb
LHC, qtop = +23 33.3 fb 5.78 fb 4.86 fb 44.0 fb
LHC, qtop = −43 111.4 fb 1.21 fb 0.97 fb 113.6 fb
b) t ! Wbγ ! ‘bγ selection cuts
Tevatron, qtop = +23 0.36 fb 0.26 fb 0.13 fb 0.75 fb
Tevatron, qtop = −43 0.52 fb 0.07 fb 0.03 fb 0.62 fb
LHC, qtop = +23 0.68 fb 3.67 fb 2.26 fb 6.61 fb
LHC, qtop = −43 2.25 fb 0.87 fb 0.59 fb 3.71 fb
c) t ! Wbγ ! jjbγ selection cuts
Tevatron, qtop = +23 0.11 fb 0.06 fb 0.19 fb 0.36 fb
Tevatron, qtop = −43 0.16 fb 0.01 fb 0.05 fb 0.22 fb
LHC, qtop = +23 0.15 fb 1.07 fb 3.63 fb 4.85 fb
LHC, qtop = −43 0.49 fb 0.26 fb 0.85 fb 1.60 fb
TABLE II. Limits achievable at 95% C.L. for ∆qtop in p p
(−) ! γ‘b¯bjj at the Tevatron and
the LHC. Bounds are shown for the photon transverse momentum distribution in the phase space
region defined by the t¯tγ selection cuts, and the pT (γ) and ∆R(γ; bsf ) distributions of the combined
radiative top decay regions. The last row displays the combined limits from the three distributions.
The b-quark charge is given by qb = qtop − 1. The cuts imposed are described in Sec. II. For the
∆R(γ; bsf ) distribution, the pT (γ) cut of Eq. (13) has been replaced by pT (γ) > 15 GeV.
distribution Tevatron,
∫Ldt = 20 fb−1 LHC, ∫Ldt = 10 fb−1
pT (γ), t¯tγ region −1:16  ∆qtop  1:11 −0:21  ∆qtop  0:24
pT (γ), comb. t ! Wbγ regions −0:32  ∆qtop  1:20 −0:16  ∆qtop  0:18
∆R(γ; bsf ), comb. t ! Wbγ regions −0:29  ∆qtop  1:10 −0:15  ∆qtop  0:18
combined −0:21  ∆qtop  0:65 −0:067  ∆qtop  0:070
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FIGURES
FIG. 1. The photon transverse momentum distribution for pp¯ ! γ‘bb¯jj at the Tevatron,
imposing t¯tγ selection cuts (see Eq. (16)), for a) qtop = 2=3 and b) qtop = −4=3. Shown are
the t¯tγ (solid line), t¯t, t ! Wbγ ! ‘bγ (dashed line), and t¯t, t ! Wbγ ! jjbγ (dotted line)
contributions. The additional cuts imposed are described in Sec. II.
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FIG. 2. The photon transverse momentum distribution for pp ! γ‘bb¯jj at the LHC, impos-
ing t¯tγ selection cuts (see Eq. (16)), for a) qtop = 2=3 and b) qtop = −4=3. Shown are the t¯tγ (solid
line), t¯t, t ! Wbγ ! ‘bγ (dashed line), and t¯t, t ! Wbγ ! jjbγ (dotted line) contributions. The
additional cuts imposed are described in Sec. II.
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FIG. 3. The photon transverse momentum distribution for pp¯ ! γ‘bb¯jj at the Tevatron,
imposing t ! Wbγ ! ‘bγ selection cuts (see text), for a) qtop = 2=3 and b) qtop = −4=3. Shown
are the t¯t, t ! Wbγ ! ‘bγ (solid line), t¯t, t ! Wbγ ! jjbγ (dashed line) and t¯tγ (dotted line)
contributions. The additional cuts imposed are described in Sec. II.
18
FIG. 4. The photon transverse momentum distribution for pp ! γ‘bb¯jj at the LHC, im-
posing t ! Wbγ ! ‘bγ selection cuts (see text), for a) qtop = 2=3 and b) qtop = −4=3. Shown
are the t¯t, t ! Wbγ ! ‘bγ (solid line), t¯t, t ! Wbγ ! jjbγ (dashed line) and t¯tγ (dotted line)
contributions. The additional cuts imposed are described in Sec. II.
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FIG. 5. The photon transverse momentum distribution for pp¯ ! γ‘bb¯jj at the Teva-
tron. Part a) displays the individual contributions for qtop = 2=3, imposing t¯tγ (solid line),
t ! Wbγ ! ‘bγ (dashed line) and t ! Wbγ ! jjbγ selection cuts (dotted line). In part b), the
photon pT distributions for the phase space region defined by the t¯tγ selection cuts and the two
radiative top decay regions combined are shown for qtop = 2=3 and qtop = −4=3. The cuts imposed
are described in the text.
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FIG. 6. The photon transverse momentum distribution for pp ! γ‘bb¯jj at the LHC. Part a)
displays the individual contributions for qtop = 2=3, imposing t¯tγ (solid line), t ! Wbγ ! ‘bγ
(dashed line) and t ! Wbγ ! jjbγ selection cuts (dotted line). In part b), the photon pT
distributions for the phase space region defined by the t¯tγ selection cuts and the two radiative top
decay regions combined are shown for qtop = 2=3 and qtop = −4=3. The cuts imposed are described
in the text.
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FIG. 7. Comparison of the SM ∆R(γ; b)rad and ∆R(γ; bsf ) distributions for pp¯ ! γ‘jjbb¯ at
the Tevatron, imposing t ! Wbγ ! ‘bγ selection cuts (see text). Shown are the contributions
from t¯t production with t ! Wbγ ! ‘bγ (solid lines) and t ! Wbγ ! jjbγ (dashed lines), and
t¯tγ (dotted lines) production. The cuts described in Sec. II are imposed, except for the minimum
photon transverse momentum which has been increased to 15 GeV.
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FIG. 8. The normalized (1=) (∆R(γ; bsf )) distribution for pp¯ ! γ‘jjbb¯ at the Tevatron,
imposing a) t ! Wbγ ! ‘bγ selection cuts and b) t ! Wbγ ! jjbγ selection cuts (see text).
Shown are the results for a SM top quark charge assignment (solid lines) and for qtop = −4=3
(dashed lines). The cuts described in Sec. II are imposed, except for the minimum photon transverse
momentum which has been increased to 15 GeV.
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FIG. 9. The normalized (1=) (∆R(γ; bsf )) distribution for pp ! γ‘jjbb¯ at the LHC, imposing
a) t ! Wbγ ! ‘bγ selection cuts and b) t ! Wbγ ! jjbγ selection cuts (see text). Shown are
the results for a SM top quark charge assignment (solid lines) and for qtop = −4=3 (dashed lines).
The additional cuts imposed are described in Sec. II.
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